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Abstract
Approximately 2.5 million people will sustain a traumatic brain injury (TBI) each year in
the United States alone. A large portion of TBI survivors live with serious neurological deficits,
including sensorimotor and olfactory impairments, but particularly in learning and memory
functions. Although there is potential for limited functional recovery following TBI, one of the
major problems in the field is the lack of a definitive treatment to improve the recovery after
sustaining a TBI. Previous studies in our lab have shown that TBI enhances an endogenous
neurogenic response in the neurogenic regions, including the subventricular zone and
hippocampus. These TBI-induced neural stem cells (NSCs) have the potential to mature and
integrate into regions such as the hippocampus, a structure critical for learning and memory, and
the olfactory bulb, critical for smell. Although the specific mechanism responsible for TBIenhanced neurogenesis remains unknown, the Notch signaling pathway has been implicated as
this pathway is the key regulator in the maintenance and survival of NSCs.
Studies from our lab have explored the contribution of Notch signaling in regulating
neural stem cell proliferation and survival in the hippocampus following TBI in the form of a
moderate fluid percussive injury (FPI) in rats. This thesis explores the effects of Notch signaling
pathway manipulation on functional recovery including motor, cognitive and olfactory functional
recovery following a TBI. We hypothesize that the Notch signaling pathway plays a critical role
in recovery after a TBI, and that activation of this pathway will facilitate recovery after a TBI.
Conversely, inhibition of this pathway will deter post-injury functional recovery. To test this
hypothesis, we used a pharmacological approach with a Notch agonist (Notch1 antibody), or a
Notch antagonist (recombinant Jagged-1 Fc), to examine how manipulation of the Notch
pathway affects recovery after TBI. The Notch agonist or antagonist was administrated
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intraventricularly for seven days immediately following injury. Functional recovery of animals
was assessed within 30 days or 60 days post-injury in two different cohort of animals. The
behavior assays conducted in this study include for motor function- beam-walk, rotarod,
neurological severity score; for cognitive function- fear conditioning, novel object recognition,
Morris water maze, reverse Morris water maze; for olfaction- olfactory discrimination, olfactory
sensitivity.
We have found that in the 30 day phase of this study, Notch pathway manipulation at the
acute time following TBI did not affect the functional performance of animals. However, in the
60 day study, significant group differences were found. While the FPI+Vehicle animals exhibited
a functional recovery in Morris water maze, injured animals with Notch inhibition failed to show
this spontaneous cognitive recovery indicating the involvement of the Notch pathway in TBIinduced neurogenesis and cognitive recovery at the chronic stage following TBI. Motor and
olfaction were not significantly affected by Notch pathway manipulation.
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Chapter 1: Introduction
1.1 Background
According to the CDC, traumatic brain injury (TBI) affects approximately 2.4 million
people each year in the United States. 1.7 million of these individuals require hospitalization as a
result of their TBI. Approximately 2.2% of all deaths in 2013 in the United States were attributed
to some form of TBI (Taylor et al, 2017). Mild TBI, commonly classified as concussions, is the
most prevalent severity of TBI, comprising 75% of all reported cases. The leading causes of TBI
are falls, motor vehicle accidents, blunt impact, and assaults. 50.4% of TBI-related
hospitalizations were due to falls, prevalent in the elderly and in children under 14. Motor
vehicle accidents caused 21.5% of hospitalizations in 2013 (Taylor et al, 2017). The steps have
been taken in an attempt to prevent TBIs, including improved motor vehicle legislature and
education, have decreased TBI incidence from 2007 to 2013 (Taylor et al, 2017).
Above and beyond the personal cost of TBI on an individual’s life, there is the medical
cost associated with TBI. As of 2010, the economic burden of TBI was estimated to be $76.5
billion, the majority of which is due to loss of employment and disability. TBI can result in longterm cognitive and motor deficits, which affect an individual’s quality of life. Although it is
instinctual to assume that the impact of a fall or other mechanical assault is the most damaging
event, the aftermath of the primary injury can be far more pervasive. A primary injury results
from mechanical force that deforms the tissue as a result, causing damage to the axons, neurons,
and surrounding vasculature.
Early treatment after TBIs are effective only in a short window of time, an unlikely
scenario in many cases. The so-called “golden hour” is the critical window of time that treatment
of the acute symptoms of a TBI needs to begin (Ripley et al, 2007). 45 million Americans live
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more than one hour away from a Level I or Level II trauma center, which is a long time when
dealing with a severe injury (Branas et al, 2005). Another subpopulation of individuals that are
affected by TBI are military personnel, both active duty and retired. Since the 20th century,
American has been embroiled in major military conflicts, the most recent being Iraq and
Afghanistan. According to the US Census, in September 2018, there were 18.2 million veterans
in the United States. In studies done on veterans of Afghanistan and Iraq in 2008, 15.2% of the
2,714 participants reported experiencing a mild TBI (Hoge et al, 2008). These studies are based
upon self-report data and, as a result, the numbers are likely underreported. Commercial sports,
particularly football, have brought TBI into the spotlight. The Virginia Tech STAR helmet rating
system and changes to football regulations have helped to curb rates of repeated concussion in
football (Rowson et al, 2011). So what exactly does a TBI do to the brain to cause so much
damage?

1.2 The Pathology of Traumatic Brain Injury
The pathology of TBI can be divided into two categories: primary and secondary injury
and focal and diffuse injury. Although not mutually exclusive, each stage of this process has
defined characteristics. Primary injury is the result of mechanical force on the brain tissue and
can present as a focal or diffuse injury. Focal damage occurs due to the direct impact of the
injury, the pressure of which malforms the underlying brain tissue. More focal primary injuries
include subarachnoid hemorrhage, subdural hemorrhage, and epidural hemorrhages (Zasler et al,
2007). Diffuse injury, as the name suggests, has a wider distribution. Diffuse injury can affect
axons, vasculature, and cause edema (Andriessen et al, 2010). Diffuse injury, characterized as
the physiological consequences of a primary injury, can include elevated intracranial pressure
(ICP), inflammation, ischemia, and infection.
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Secondary injury occurs after the primary injury, can last from hours to years with the
long-term consequences including further cell death, tissue damage and functional deficits (Tsao
et al, 2012; Xiong et al, 2014). This phase includes the aftermath of diffuse axonal injury,
excitotoxicity, cell death, and inflammation. The secondary injury is the target of TBI-focused
research. Although the structural and functional consequences of TBI depend on factors such as
the age of the individual and severity of the injury, there are characteristic pathobiological
consequences of TBI. Immediately following the primary injury, there is a mechanical
malformation of brain tissue in and around the area of injury (Kabadi 2010).
Inflammation and increased ICP are immediate consequences following TBI (Tharakan,
2018). Neuronal death can occur both immediately following injury, due to mechanical changes
at the site of the injury, and over time, due to post-injury inflammation and hypoxia (Stoica and
Faden, 2010). Primary cell loss is death due to injury, while secondary cell loss is due to
apoptotic signaling cascades (Stoica and Faden, 2010). Wallerian degeneration follows neuron
death, causing the axon and its myelin to disrupt and degenerate (Coleman, 2005). The axonal
damage is due to secondary injury, the consequences of which can persist for days to months
after the initial injury (Hutchinson, et al, 2018).
Mechanical changes in the brain can cause excitotoxicity, likely mediated by excess
glutamate release (Bullock et al, 1998). A breakdown of the BBB can propagate the effects of
excitotoxicity (Dietrich et al, 1994). Diffuse axonal injury and white matter damage are classic
signs of both focal and diffuse injury, with the latter progressing over time. The degree of
degeneration and tissue loss is dependent on the severity of the injury and type of injury
(Palacios, et al, 2013). White matter damage can persist up to one year after injury (Dixon et al,
1999). Demyelination can also occur either due to apoptosis of myelinating cells or Wallerian
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degeneration after damage to the neuron itself (Lotocki et al, 2011). Reactive astrocytosis can
occur due to changes such as increased inflammation or mechanical stress. Formation of a glial
scar can create a barrier around the injured area, although this phenomenon depends on the
nature of the injury (Sun and Jakobs, 2012).
Many other functional consequences have been linked to TBI, such as epilepsy, sleep
disorders, neurodegenerative diseases, and psychiatric disorders. Not only can the primary injury
affect an individual, but secondary injury can increase the risk for other diseases (Masel, 2010).
Clinical studies have shown that individuals that experience a TBI have a higher risk of
neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and Chronic
Traumatic Encephalitis. Although the exact mechanism of this correlation is unknown, damage
to structures such as the hippocampus and basal ganglia can mimic Alzheimer’s and Parkinson’s,
respectively (Cruz-Haces et al, 2017).
The combination of all these innate signaling cascades makes it difficult to pinpoint a
single factor to “treat” the chronic symptoms of TBI. One of the reasons that TBI is such a
burden on both society and the individual is the lack of a definitive treatment to reduce the
effects of secondary injury. Current clinical treatment strategies focus on alleviating immediate
symptoms such as elevated ICP through mannitol or other hyperosmolar agents, or a
decompressive craniotomy (Bullock et al, 2006). Thus far, there are no strategies to counteract
the long-term effects of a TBI (Povlishock et al, 2007).
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1.3 The Injury Model
There are a variety of injury models that can be used to describe various types of brain
injury. Impact injury models include acceleration injury, penetrative injury, non-penetrative
injury, and direct brain deformation. Fluid percussion injury (FPI) falls into the last category.
The direct brain deformation models are characterized by a craniotomy site through which a
direct impact is delivered, either through a fluid pulse, such as FPI, or direct force, such as
controlled cortical impact (CCI) (Kabadi et al, 2010). The FPI model was originally developed in
cats and later modified for rodent species (Dixon et al, 1987).
The fluid percussion injury model (FPI), considered a rodent model for human TBI
because it is a focal injury, but has a diffuse aspect (Dixon, et al 1987; Graham, et al 2000).
There are two variations of the FPI injury: the midline (MFP) and lateral (LFP). The LFP model
is preferred to the (MFP) injury model for a variety of factors. The MFP model has a higher
mortality rate as more severe injuries can cause brainstem compression (Kabadi et al, 2010). The
behavior deficits in a LFP are greater and more long-term than a MFP. LFP produces a more
diffuse injury pattern and allows for comparison between the injured and uninjured sides.
Because diffuse injuries are more common than focal injuries, the rat FPI model is viewed as a
good model for human TBI because it recapitulates key components of human TBI, including
cell death, gliosis, and deficits in learning and memory (Dixon 1987; McIntosh et al 1989; Smith
et al 1991). The advantage of an animal model of TBI is that the injury severity and location can
be controlled. As with many TBI models, FPI allows for a range of injury severity, from mild to
severe.
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1.4 Neurogenesis in the Brain
During embryonic development, neuroepithelial cells divide symmetrically to develop the
brain epithelium. These cells can convert into radial glial (RG) cells, which divide
asymmetrically. The asymmetric division produces one RG cell and one immature neuron or
progenitor cell. The immature neurons migrate to the subventricular zone, where they undergo
proliferation and can generate even more neurons. This process is known as neurogenesis, the
ability of dividing NSCs to mature into functional adult neurons.
Until the 1960’s, neurogenesis was thought to be confined to the developing brain.
Altman and Das (1965) not only determined that neurogenesis persists into adulthood, but also
identified the main neurogenic regions of the adult brain – the subventricular zone (SVZ) and the
dentate gyrus (DG) of the hippocampus. These progenitors can mature into neurons and glia in
the central nervous system. Some of the RG cells can remain neural stem cells (NSCs) even after
development but remain confined to specific anatomical regions of the brain (Imayoshi et al,
2011).
There are four aspects to neurogenesis - proliferation, migration, survival, and
differentiation (Gage et al, 2013). Although proliferation can occur in the postnatal brain, that
does not guarantee each newborn neuron will actually survive, let alone integrate into the
circuitry as a mature neuron. This process of maturation and functional integration can take one
to two months (Zhao et al 2006; Deng et al 2009).
In the subgranular zone (SGZ) of the DG, NSCs have a proliferative capacity. These cells
undergo multiple divisions to become mature neurons of the CNS. They begin as slowly dividing
type-1 NSCs which mature into faster dividing type-2a cells and type- 2b cells. Once the NSCs
become type-3 cells, they are considered immature precursor granule cells without proliferative
capacity. Once mature, the NSCs of the DG integrate into the hippocampus as DG granule cells
15

and are involved in learning, plasticity, and memory functions (Imayoshi et al 2011; Ming and
Song 2011). Newly formed neurons take at least one month to integrate into local circuitry (Deng
et al 2009; Zhao et al, 2006). These NSCs integrate into the neurogenic regions at a basal rate to
maintain neuronal populations by replacing old cells in homeostatic conditions. The
hippocampus is the region responsible for learning and memory function. Its role in everyday
process ranges from mood and motivation to learning and memory consolidation. Granule cells
in the DG that mature into adulthood play a role in learning and spatial tasks. Ablation of
neurogenesis and NSC proliferation has been shown to have a detrimental effect. Focal
irradiation of the hippocampus impaired adult mouse performance on contextual fear
conditioning (Saxe et al, 2006). Transgenic mice with a reduced population of immature dentate
granule cells displayed deficits in hippocampal based tasks such as contextual fear conditioning
and Morris water maze (Deng et al, 2009).
Type B cells, also called early astrocytes, of the SVZ divide to produce transiently
amplifying cells, which then become neuroblasts (Imayoshi et al, 2011). NSCs of the SVZ travel
across the rostral migratory stream (RMS) into the olfactory bulb where they mature into granule
and periglomerular cells. These cells help in olfactory sensitivity and olfactory discrimination,
among other olfactory functions (Gheusi et al, 2000). The olfactory bulb is unique because it is
receives a continuous supply of new neurons throughout the lifetime of an individual. Neurons
from the SVZ migrate along the lateral ventricle to the rostral migratory stream and ultimately
the olfactory bulb, where they mature into granule and periglomerular cells (Alvarez-Buylla,
2002). NCAM deficient mice showed significant impairment in olfactory discrimination and
sensitivity abilities compared to their sham counterparts (Gheusi et al, 2000).
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Aside from the cognitive impairments that can result from TBI, olfactory ability can also
be impaired. In humans, head trauma is a leading cause of olfactory impairments, although the
degree of dysfunction is highly variable. Existing studies’ results should be interpreted with
caution, much like those conducted in rodent models, because of the difference in injury level,
location of the injury, and sample size (Schofield et al, 2014). For example, one study concluded
that 13% of their participants exhibited olfactory dysfunction, a statistic that did not account for
injury severity and location. This study had a sample size of 19 individuals, both male and
female, of varying ages and injury severities (Haxel et al, 2008). Loss or impairment of the sense
of smell not only affects gustation but can pose a real risk to an individual’s safety. If a person is
unable to smell smoke or other aversive smells, their well-being is at risk. The size of the
olfactory bulb is also larger in rodents. The sensitivity of the testing method requires more
stringency, as animals cannot verbally communicate impairments in their ability to smell. In
rodents, there are various testing methods, such as olfactory discrimination, olfactory sensitivity,
and olfactory avoidance (Gheusi et al 2000; Siopi et al 2011).

1.5 TBI-Induced Neurogenesis
The hippocampus is particularly vulnerable to damage after TBI and the consequences of
this damage have been systematically categorized (Dixon et al, 1993). Damage to higher order
processing such as memory can persist for a much longer period of time. In the rat LFPI model,
our lab has seen deficits on MWM, a spatial navigation task, at 11-15 and 26-30 days following
injury, whereas a functional recovery was observed at 56-60 days post-injury (Sun et al, 2007).
In response to injury, NSCs in the DG and SVZ can undergo enhanced proliferation. Our lab, as
well as others, has shown that NSCs in the DG and SVZ experience enhanced proliferation
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following a TBI (Chirumamilla et al, 2002; Sun et al 2005; Wang et al 2015). The degree of TBIenhanced neurogenesis varies depending on injury severity and model difference (Patel and Sun
et al, 2016). There are also varying estimates of how long TBI-induced neurogenesis can persist.
Our lab has previously observed peak proliferation at 2 days post-injury (Sun et al, 2007). Others
have observed neurogenesis up to one year post-injury (Chen et al, 2003). The injuryupregulated neurogenic response contributes to spontaneous cognitive recovery observed in
rodents after FPI (Sun et al, 2007). Newly formed neurons can integrate themselves into local
circuitry and are potentially involved in cognitive function related to learning, memory, and
olfaction. Studies have found that inhibition of this injury-induced neurogenic response with
antimitotic agents can impair the aforementioned functional recovery that occurs after TBI
(Blaiss et al, 2011; Sun et al, 2015).
The degree of TBI-enhanced neurogenesis is also affected by the species and age of the
animal. As individuals age, this pool of quiescent stem cells in the hippocampus grows smaller,
proliferation of neurons declines, and the rates of apoptosis increase (Boldrini et al, 2018; Sun et
al 2007). Previous studies in our lab comparing TBI-induced proliferation at 5 days post-injury
and 10 weeks post-injury showed a significant decline in TBI-induced proliferation 10 weeks
post-injury, although the rate was still significantly higher than age-matched sham animals (Sun
et al, 2007).
Although potential therapies may show changes at a cellular level, those changes serve no
purpose if they cannot combat the physiological and psychological symptoms that accompany
TBI. Current treatment strategies to treat secondary injuries are exploring the potential of these
NSCs to improve functional recovery after TBI. Strategies such as environmental enrichment
(EE) and treatment with bFGF and EGF have been shown to increase the rate of cell proliferation
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and improve cognitive recovery on working memory tasks such as the Morris water maze task
(MWM) (Lajud et al 2018; Sun et al 2009; Sun et al 2010).

1.6 The Notch Signaling Pathway
First identified by Thomas Hunt Morgan in Drosophila mutants that had a notch in their
wings, the Notch pathway is widely conserved across species. Drosophila contains one Notch
receptor and two ligands. Contrarily, mammalian Notch consists of four Notch receptor
paralogues (Notch 1-4) and several ligands such as Jagged and Delta (Bray et al, 2016). The
Notch receptor is a transmembrane receptor that is cleaved upon binding of its ligand, Jagged1/2
or Delta 1-4 (Figure 1). This proteolytic cleavage by gamma-secretase causes the Notch
Intracellular Domain (NICD) to be released from the intracellular portion of the Notch receptor.
The NICD translocates to the nucleus and forms a complex with RBPj, a DNA binding protein.
The NICD-RBPj complex induces an intracellular signaling cascade. The NICD-RBPj interacts
with the transcriptional activator CBF1-Suppressor of Hairless-LAG (CSL) which in turn
activates transcriptional repressor genes Hes1 and Hes5. In turn, Hes1 and Hes5 inhibit
transcriptional effectors such as Mash1 and Neurogenin. The Notch pathway is involved in cell
death and tumor suppression, tissue development, hair cell formation, and immune cell
development (van Es et al 2005; Robey 1996; Washburn 1997; Fortini, 2009). In addition to
these functions, Notch signaling maintains NSCs in a proliferative state, preventing them from
differentiating into mature neurons (Ables et al, 2011).
Although Notch is an innate developmental pathway, there is increasing evidence that
this pathway has an important role in the maintenance of NSCs in a proliferative state in the
adult brain. The presence of Jagged1, one of the ligands of the Notch receptor, increases the
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proliferation and maintains the population of NSCs in the adult brain (Nyfeler et al, 2005). The
same study observed colocalization of GFAP, an astrocyte marker, and Jagged1 in the areas
lining the SVZ and along the RMS, a marker for mature neurons (Nyfeler et al, 2005).
Although there are three Notch transmembrane receptors, Notch 1-3, studies have shown
that Notch1 is the most critical of the three in maintaining NSC populations in the SVZ and DG
of the brain (Ables et al 2010; Basak et al, 2012). Notch 1 also participates in neuronal
maturation and dendritic arborization, along with a decrease of NSCs and proliferation (Ables et
al, 2010). An overexpression of Notch has been linked to a larger pool of NSCs (Breunig et al,
2007).
Mice deficient in Hes1, one of the downstream targets of the NICD, express a lower
number of embryonic neural stem cells (Nakamura et al, 2000). Alterations to other components
of this pathway, such as the Delta1 ligand (Dll1), RBPj, and the Notch receptors themselves
cause premature differentiation of NSCs (Imayoshi et al 2008, 2010). After conditional deletion
of RBPj, the NSC population was rapidly depleted, indicating a dependence of NSC on Notch
signaling (Imayoshi et al, 2010).
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Figure 1.1 The Notch Signaling Pathway. A Notch ligand, such as Delta1, on a differentiating
cell can bind to a Notch receptor. This binding allows the Notch intracellular domain (NICD) to
separate from the receptor and migrate to the nucleus. Once there, the NICD binds the RBP-Jk, a
DNA-binding protein. This NICD-RBP complex activates CBP, which in turn binds Hes, a
transcriptional repressor. Hes represses transcriptional activators and prevents Mash1, a
transcriptional effector, from allowing the immature cell to differentiate into a mature neuron
(Iso et al, 2003).
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The canonical Notch pathway is more complex than it seems at first glance. Other players
in the Notch pathway can interact with separate pathways to affect differentiation. The NICD can
inhibit differentiation via inhibition of the JNK pathway or activation of the Ras pathway (Kao et
al, 1998; Hodkinson et al, 2007). Glycosylation of the Notch receptor itself can affect its
preferences for one ligand over another, although the exact mechanisms are still unknown (Yang
et al, 2005). Although Notch activation plays an important role in innate functions of the body,
such as angiogenesis (Sainson et al, 2008), it has also been implicated in disease states such as
Langerhans cell histiocytosis (LCH), aortic valve disease, and Alagille syndrome (Gridley 2003;
Schwentner et al, 2019).
Manipulation of the Notch pathway has encompassed multiple points of the pathway,
including inhibition of gamma secretase using DAPT as an immunosuppressive therapy for giant
cell arteritis (Piggott et al, 2011; Wang et al, 2009). Typically, as mentioned above, the Delta and
Jagged families act as Notch ligands and activate the Notch pathway. Some isoforms of secreted
Notch ligand, such as Jagged-1 Fc, can antagonize the Notch pathway, while others, such as
Notch1, act as agonists and prevent NSC differentiation (Wang et al, 2009).
As Notch pathway plays a critical role in NSC maintenance and function, our lab has also
found correlation of Notch1 and its pathway protein expression following TBI in the neurogenic
niches to TBI-induced NSC proliferation. We speculate that Notch is involved in regulating TBIenhanced neurogenic response and subsequent functional recovery following injury. This study
aims to investigate the involvement of the Notch signaling pathway in the functional recovery of
rodents after TBI.
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1.7 Behavioral Assessment: Investigating the Long-Term Consequences of
Traumatic Brain Injury
While drug therapies have the potential to affect brain structure on a molecular and
cellular level, the ultimate goal of TBI treatment is to return the patient to some semblance of
their pre-injury self. One of the long-term consequences of TBI are changes in behavior. These
functional changes can encompass motor, visual, cognitive, and olfactory deficits, along with
changes in personality and mood. TBI-related deficits can be expressed immediately after injury
and can persist for up to a year (Dixon et al, 1999; Pierce et al., 1998). Although personality
changes are not easily assessed in rodents, changes in cognition, olfaction, and motor function
can be empirically assessed through various standardized tests. Functional imaging can identify
regions of the brain that have been damaged or destroyed, but neurological testing batteries can
elucidate the functional consequences of the injury.
Deficits in motor function are readily apparent in the days immediately following injury.
Our lab, among others, has found that animals return to pre-injury baseline levels within 14 days
after injury (Hallam et al, 2004; Reid et al, 2010). Other studies have examined motor function
and found deficits even one month post-injury (Osier et al, 2015). The presence of deficits in
motor function are affected by the level of pre-injury training, level and location of the injury,
and methods of evaluation.
The beam-walk task requires subjects to traverse a narrow beam to reach a goal box. The
beam has pegs in it that act as obstacles the animals to maneuver around them (Dixon et al,
1987). The time it takes for an animal to complete this task correlates with its injury level.
First developed in 1957, rotarod involves rats walking on a cylindrical arrangement of
rungs at an accelerating speed for a designated period of time (Dunham et al, 1957). Rotarod is
considered to be a sensitive measure of injury induced motor deficits because it can detect
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deficits at later time points after injury in comparison to beam-walk or beam balance (Hamm,
1994). This is likely due to more vestibulomotor demands in this motor task than beam-walk or
beam balance (Hamm, 2001). Following TBI, there may be decreased grip strength in rats, which
is more impaired when they are required to walk on a rotating cylinder (Hall et al, 1998).
Neurological Severity Score (NSS) is a scale that correlates with injury severity
(McIntosh et al, 1989). Each animal’s reflexes are scored by a blinded experimenter to determine
the expression of abnormal motor function following injury. Deficits can be observed up to one
month post-injury (McIntosh et al, 1989).
Olfactory assessment can be tested in many ways, including an animal’s ability to
discriminate between and remember scents. The protocols used in this thesis were adapted from
Gheusi et al (2000), which examined olfactory sensitivity and discrimination in NCAM -/- mice.
Although olfaction can be affected by TBI, there is no consensus about the severity of injury or
anatomical location that can induce these deficits (Haxel et al, 2008; Schofield et al, 2014).
Cognitive function can also be affected after TBI. Although rodents cannot speak, there
are ways to assess the function of injured areas to determine the extent of damage and
impairment of function. First demonstrated by Ennaceur and Delacour (1988), the Novel Object
Recognition paradigm (NOR) is a working memory task that relies on the preference for novelty.
It is a good test in the sense that there is no food or fear related motivation to complete the task.
There is disagreement on what anatomical structures are involved in this test. Early research
purported that this test is hippocampus based, but newer studies suggest that the perirhinal cortex
may play a larger role (Brown et al 2001; Cohen et al 2015; Ennaceur et al, 1988; Hammond et
al 2004). Using the same injury model and similar injury severity, our lab has seen differences
between sham and TBI animals using a 4 hour intertrial interval.
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One of the most robust methods to assess deficits in memory related to hippocampal
based function is the Morris Water Maze (MWM) (Morris, 1982). Although the protocols vary,
this test is effective at detecting learning and memory deficits in rodents in multiple disease
states, such as TBI and Alzheimer’s disease (Billings et al, 2005; Hamm, 2001; Sun et al, 2007).
This working memory task requires animals to use spatial cues to find a hidden platform
submerged in a pool of water (Morris et al, 1982). Over the course of the training days, the
animals become faster at locating the platform. After the animals are trained, a probe trial is
conducted without a platform in the pool to assess how well the animals learned the location of
the platform. The Reverse Morris Water Maze (RMWM) task is identical to the standard MWM,
but the platform is moved to the diagonally opposite quadrant for the duration of the training
trials. RMWM investigates cognitive flexibility by assessing how quickly an animal is able to
learn a new platform location (Vorhees et al, 2006). Radial arm maze and Barnes maze require
similar search strategies to MWM but are arguably less stressful on the animal (Osier et al,
2015).
Fear conditioning is yet another test to examine memory. Cued fear conditioning is
amygdala based, while contextual fear conditioning is hippocampal based. A conditioned
stimulus (CS), usually a tone, is paired with an aversive unconditioned stimulus (US), such a
mild shock (Phillips et al, 1992). The level of fear an animal exhibits is quantified by the
freezing behavior an animal exhibits during the trials. Ablation of neurogenesis has been shown
to impair contextual but not cued fear conditioning (Saxe et al, 2006). Our lab has previously
shown that hippocampal damage does affect contextual, but not cued fear conditioning.
Unfortunately, many studies do not examine the consequences of TBI past 30 days. Even
fewer studies assess behavior after 3 months, let alone one year. While it is understandable to
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have a truncated duration on studies due to time limitations and heightened cost, the reality of a
post-TBI life is the persistence of functional consequences. Some studies have observed
cognitive deficits on Barnes maze even 3 months after injury (Lima et al, 2008). Others have
observed deficits in neurological score and cognitive function even one year after injury (Pierce
et al 1998; Dixon et al 1999).
One of the advantages of behavior assessment is that the protocols and results are
repeatable and reliable, both clinically and in the laboratory setting. That being said, these
protocols depend upon factors, such as injury type and severity, species, and strain of the animal.
Each of the mentioned studies, as well as countless others, have varying protocols for each test,
different injury models, different species and strains of mice, and varying locations of injury. As
such, it is difficult to draw a comparison against many studies due to the wide variability.
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1.8 Hypothesis
The purpose of this thesis is to further delineate the role of the Notch pathway in the
neurogenic response following TBI. Our overall hypothesis is that the Notch signaling pathway
plays a significant role in the maintenance and proliferation of neural stem cells following TBI,
pharmacological manipulation of said pathway using an agonist and antagonist should yield two
functionally different outcomes.
The working hypothesis that will be tested in this study is that Notch signaling plays a
role in regulating functional recovery following TBI due to its role in the maintenance and
proliferation of neural stem cells. To test this hypothesis, animals will be administrated with a
Notch agonist or an antagonist via focal intraventricular infusion for 7 days immediately
following TBI. Functional outcomes will be assessed at 30 or 60 days post injury. We expect that
in the 30-day group, injured animals will exhibit a deficit in motor, cognitive, and olfactory
behaviors regardless of Notch pathway manipulation. Contrarily, the 60-day animals will exhibit
different functional recovery following Notch pathway manipulation. Infusion of a Notch agonist
should promote recovery after TBI by enhancing the neural stem cell pool, allowing for a greater
number of NSCs available to mature into neurons and aid in functional recovery. Infusion of a
Notch antagonist should inhibit the aforementioned recovery due to decreasing proliferation of
NSCs after TBI-induced neurogenesis, decreasing the size of the progenitor pool and the number
of NSCs that can mature into neurons.
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Chapter 2: Materials and Methods
2.1 Subjects
Subjects were 3-month old, 300g, male Sprague Dawley rats (Envigo). A total of 65
animals were included in this study (Table 2.1). The animals were housed in pairs with free
access to food and water on a 12-hour light cycle. All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC).

2.2 Experimental Design
Animals were randomly assigned to one of the experimental groups. Aside from the
Sham group, all other animals received a continuous intraventricular infusion of the Notch
antagonist (Jagged-1 Fc), agonist (Notch1) or vehicle (artificial CSF) via a mini osmotic pump
for 7 days starting immediately following injury/surgery. The infusion cannula and mini osmotic
pumps were removed at 7 days post-injury (DPI). In the 30-day study, animals were given single
daily BrdU injections for 7 days following injury. In the 60-day study, a subset of animals
(n=22) were given three BrdU injections two hours apart on the day of sacrifice. The animals
were sacrificed at 30, or 67 DPI.

Table 2.1 Total Animals in 30-and 60-day

Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

30 Day
6
N/A
5
6
8

60 Day
8
8
8
8
8
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2.3 Surgical Procedure
Following baseline motor testing and training, each animal was randomly assigned to a
treatment group. All surgical tools were sterilized prior to surgery and all surgeries followed
aseptic procedure. Each animal was anesthetized through a nose piece with 2.5% isoflurane in a
70% Nitrogen and 30% Oxygen gas mixture for the duration of the procedure while fixed to a
stereotaxic frame. Following a midline incision, a 5mm craniotomy was made on the left parietal
bone 1.5mm anterior to the lambda suture and 2mm lateral to the midline. The area was cleared
of any bone to prepare for placement of the hub. A Luer-Lock hub made from a 20-gauge needle
was fixed to the craniotomy site using dental acrylic. The anesthesia was turned off after the hub
was affixed to the skull. Once the animal regained its toe and tail reflexes, the hub was filled
with saline and connected to the fluid percussion injury device.
All injured animals were subjected to a moderate lateral fluid percussion injury (LFPI). A
2.04 ± 0.03atm pulse was administered to the animal, considered a moderate injury level. Sham
animals were anesthetized and received a midline skin incision without craniotomy and fluid
percussive injury. The righting time was recorded. The righting time is a useful parameter for
gauging the severity of a TBI (Dixon et al, 1987; Hamm 2001). Righting was defined as an
animals’ ability to turn itself from a supine position to upright position. Once the animal was
righted, it was reconnected to anesthetics and the hub was removed.
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2.4 Infusion of Notch Agonist and Antagonist
The Notch agonist and antagonist were prepared as described by Wang et al (2009). The
Notch antagonist, Jagged-1 Fc, was incubated on ice for 1 hour with anti-human Fc antibody at a
2:1 stoichiometric ratio for a final concentration of 50 μg/mL Jagged1-Fc in aCSF (148mmol/L
NaCl, 3mmol/L KCl, 1.4mmol/L CaCl2, 0.8mmol/L MgCl2 1.5mM Na2HPO4, and 0.2mM
NaH2PO4 [pH 7.4]) (Sun et al 2010). Notch1-activating antibody (Millipore Anti-Notch1
extracellular clone 8G10) was also prepared at the concentration of 2μg/ml in aCSF. A 7-day
osmotic mini-pump (Alzet) containing 100ul of Notch-1 antibody (2ug/ml), Jagged-1 Fc
(50ug/ml) or vehicle (aCSF) was connected to an infusion cannula. For intraventricular infusion
preparation, a burr hole was made 1mm posterior to the bregma suture and 1.5mm lateral to the
midline. A custom made bevel tipped infusion cannula was implanted along the burr hole into
the posterior lateral ventricle. The cannula attached to an osmotic mini-pump was embedded
under the neck skin and secured with dental acrylic. Once the pump was secured, the skin
incision was sutured. Lidocaine and triple antibiotic ointment were applied to the site. The
animals were taken off the isoflurane. After regaining consciousness, the animal was placed in a
recovery cage on a heating pad to recover. The animals received the infusion for 7 days
following injury, after which the animal was re-anesthetized and mini-pump and cannula were
removed.
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2.5 BrdU Injections
24 hours after injury, the animals in the 30-day study began to receive intraperitoneal
(I.P.) bromodeoxyuridine (BrdU) injections (50mg/kg), single daily for 7 days. All injections
were given to the animals following motor behavior assessment that day.
A portion of the 60-day animals (n=22) were given three I.P BrdU injections (50mg/kg)
on the day of sacrifice, two hours apart. The last injection administered two hours prior to
sacrifice.

2.6 Sacrifice
The animals were sacrificed at 30 or 67 days post-injury via a transcardial perfusion. The
animal was deeply anesthetized with isoflurane, with an additional gauze pad over its face to
keep it unconscious. A midline incision was made in the thoracic cavity. A 16-gauge needle was
inserted into the left ventricle and the right atrium was cut to allow the drainage of blood. All the
animals were perfused with 150mL PBS to flush the blood from the circulatory system. Once the
PBS flowed clear and, 150 mL of 4% paraformaldehyde in PBS was perfused to fix the tissue.
After fixation, the animal was decapitated, and its brain removed. The brains were stored in 4%
paraformaldehyde at 4°C until they were sliced.
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2.7 Behavioral Assessment
Following injury, all animals went through a battery of behavior tests to assess the effects
of Notch pathway manipulation on post-injury sensorimotor, olfactory and cognitive functions.
Multiple test methods were used for assessment of each function. All behavioral assessments
and related data collection were performed by a blinded experimenter to prevent bias. The
testing methods and testing time points were included in Table 2.2.

Table 2.2 Post-injury assessment time points for 30-and 60-day animal groups
Motor Testing
NOR
OD
OS
MWM
FC
RMWM

30 Day
60 Day
PID 1, 2, 3, 7, 14
PID 16-17
PID 45-46
PID 27
PID 49
PID 28
PID 52
PID 20-24
PID 56-60
PID 29-30
PID 62-63
N/A
PID 62-66
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2.8 Motor Function Assessment
2.8.1 Beam-Walk
The beam-walk task assesses motor coordination and vestibular function. The rats were
trained to walk across a 100cm long, 2.5cm wide beam into a dark goal box one day prior to
injury (PID -1). Prior to the first trial, the animal was placed in the goal box for 60s. The animal
was removed from the box and placed behind the peg closest to the goal box. The animal was
left in the goal box for 30s after each trial. The animals were trained in this manner for each of
the three pegs. Subsequently, the animals were placed at one end of the beam while a bright light
and white noise to direct them towards the goal box. Once the animals were able to traverse the
beam in under 10s at least 3 times, they were considered trained. The latency of the animal was
recorded for each of the three trials (Floyd et al, 2002; Hamm et al 2001).
After injury, on PID 1, 2, 3, 7, 14, the animal was tested on the beam-walk task again.
The animal was given three trials and a maximum of 60s per trial to traverse the beam. If the
animal failed to complete the beam-walk, either by falling or time out, it was denoted as 60s. The
time began when the animal began to move.

2.8.2 Rotarod
The accelerating rotarod is an additional, more sensitive test to measure motor
coordination and grip strength following TBI (Hall et al 1998 Hamm et al 1994). The apparatus
consisted of two circular plexiglass wheels 46 cm in diameter. Between these wheels were 18
steel spokes the animals can grip during the test. The animals were placed on the rotarod for a
maximum of 130s - 10s of habituation prior to 120s of rotation. The speed of the rotarod was
controlled via an automatic box (Bodine Electric Company). The rotarod began at 0 rpm and
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gradually increased to 15 rpm over the course of the first minute. The rotarod maintained the 15
rpm velocity until the experimenter stopped the rotarod. During the baseline training, the animals
were placed on the rotarod as many times as it took for successful completion of the task at least
twice. Post-injury, the animal failed if it fell or passively rotated twice on the device. The animal
was given a score of 120s if it successfully completed the trial. Each animal was given two trials
per day of assessment with at least 10 minutes between trials.
In a portion of the 60-day study (n=22), the speed was increased to a maximum of 30rpm.
The animals still stayed on the rotarod for 120s. This protocol was amended due to a lack of
statistical significance between sham and injured groups on rotarod at 15rpm.

2.8.3 Neurological Severity Score
Neurological Severity Score (NSS) is a combinational test assessing sensorimotor
functions. The animals were assessed on PID 1, 2, 3, 7, 14. Animal’s forelimbs and hind limbs
were examined for any abnormal flexion or reflexes and scored out of 4. Pulsion, the ability of
the animal to resist being pushed by the experimenter from side to side, was also scored out of 4.
Finally, the animals’ ability to resist falling down an inclined plane was assessed. The animals
were placed on a wooden plank and a protractor was positioned against the opposite base of the
plank. The plank was slowly lifted and the angle at which the animal began to slide was
recorded. An angle >35° = 4, >30° =3, > 25° = 2, <25° =1, and < 15° = 0 (McIntosh et al, 1987).
Each animal was scored out of a possible 28 points. The higher the NSS, the lower the observed
deficit. In the 60-day study, the experimenter scored the animals reflexes on a scale of 1-3, with
3 being the best score. The highest possible score in the 60-day study was 22.
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2.9 Olfactory Behavior Assessment
2.9.1 Olfactory Discrimination
Olfactory function can also be impaired after TBI. Olfactory discrimination was utilized
to determine if an animal could distinguish between two scents after TBI. This test was
conducted in the novel object recognition box and was video recorded (Zmodo H.264 Digital
Video Recorder). The animals were placed in cages without bedding. Two identical glass petri
dishes containing filter papers with scent (cinnamon) were placed in diagonally opposite corners
of the cage. The petri dishes were secured with mounting putty to prevent the animals from
sliding them around. The animals were habituated to the scent of cinnamon for four consecutive
trials spaced 15 minutes apart. The cinnamon was diluted to a 1:100 concentration in water.
During the fifth trial, the animals were given a novel scent (hazelnut) in a 1:100 concentration in
water. An animal was considered sniffing the scent if its nose was within 1cm of the petri dish
(Gheusi, et al, 2000).

2.9.2 Olfactory Sensitivity
In an attempt to determine the extent of olfactory impairment after TBI, an olfactory
sensitivity assessment was used to determine the sensitivity of an animals’ sense of smell. This
test was conducted in the novel object recognition box and its video equipment (Zmodo H.264
Digital Video Recorder). The animals were placed in cages without bedding with two identical
glass petri dishes in opposite corners of the cage similar to olfactory discrimination test. The
petri dishes were secured with mounting putty to prevent the animals from sliding them around.
The petri dish contained filter papers with increasingly concentrated scent (hazelnut for 60-day
group, cinnamon for 30-day group) diluted in water (10-5, 10-4, 10-3, 10-2, and 10-1). The scent
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was changed to hazelnut for the 60-day to determine if the lack of difference between trials was
boredom from the scent or a fundamental flaw in the testing method. The animal was allowed to
explore the scent for 5 minutes. An animal was considered sniffing the scent if its nose was
within 1cm of the petri dish (Gheusi et al. 2000).

2.10 Cognitive Assessment
2.10.1 Novel Object Recognition
Novel object recognition is a test that uses rodents’ preference for novelty to assess their
working memory. The novel object recognition chamber consisted of a 91 cm x 91 cm black
wooden box. Video equipment (Zmodo H.264 Digital Video Recorder) was mounted 82 cm
above the box to record all trials. The animals were habituated to the novel object box 24 hours
prior to the assessment. During habituation, each animal was placed in the center of the box and
allowed to explore the box for 30 minutes. The box was cleaned with 70% ethanol between
animals. On the day of assessment, two identical objects were placed in diagonally opposite
quadrants of the novel object box. During the sample phase, the animal was placed in the center
of the box and allowed 5 minutes to explore the objects. The animal was removed from the box
and returned to its home cage. Both the box and the objects were cleaned with 70% ethanol after
each animal. During the testing phase, 4 hours after the sample phase, the animal was presented
with its original object and a novel object and allowed to explore the objects for 5 minutes. An
animal was considered to be exploring the object if its nose was within 2cm of the object and
was pointed in the direction of the object, or if the animal placed a paw on the object. A
discrimination index was calculated (DI = Novel/(Novel+Original)) to determine the ratio of
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time spent with the novel object as compared to total exploration time. A DI of greater than 50
was indicative of the animals’ preference for the novel object.

2.10.2 Morris Water Maze
Considered one of the most robust behavioral assessments, the Morris water maze tests
spatial learning and memory. The 180cm diameter circular pool was filled with water to a depth
of 30cm. The water was made opaque using Crayola non-toxic white paint. A heater maintained
the temperature of the water at 26±1°C. Extra-maze cues were present on the four walls
surrounding the pool. A 25cm high, 10cm wide submerged platform was placed in the center of
the SE quadrant of the pool. Each animal was placed on the hidden platform for 30s prior to the
start of trials in order to habituate them prior to starting Day 1. Then, the animal was placed in a
randomly assigned direction without repetition (N, S, E, W) for a total of four trials per day for
four days. The animals were placed in the pool with their nose facing the side of the pool. Each
trial lasted for a maximum of 120s, after which the animal was left on the hidden platform for
30s. If an animal failed to find the platform, the experimenter guided it there. 24 hours after the
final training trial, the probe trial was conducted without a platform in the pool (Floyd et al,
2002). The latency to platform and proximity to platform were recorded (Videomex One Water
Maze Software, Columbus Instruments, Columbus, OH).
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2.10.3 Morris Water Maze Reversal Task
This test is used to assess cognitive flexibility. The week following standard MWM, 22
animals in the 60-day study were tested in Reverse Morris Water Maze (RMWM). The platform
was moved from the SE quadrant to the NW quadrant for each of the four training days. On the
fifth day, a 60 second probe trial was conducted to assess the animals’ ability to learn the
location of the platform. The latency to platform and proximity to platform were recorded
(Videomex One Water Maze Software, Columbus Instruments, Columbus, OH).

2.10.4 Fear Conditioning
Fear conditioning is, in this context, an assessment of hippocampal based memory that
relies on an animal remembering the pairing of a conditioned and unconditioned stimulus. The
animals were habituated to the fear conditioning box 24 hours prior to assessment. The animals
were habituated to the fear conditioning box for 300s, known as the acquisition phase. 24 hours
later, on the day of the assessment, the animal was placed in the box for a total of 150s for
training. During the last 29s of the trial, the animal was given a faint, constant tone. At 150s, the
tone stopped, and the animal received a 1mA foot shock. The animal was left in the box for 30s
to calm down, then removed by the experimenter. Four hours after training, the animal was
placed in the box for 180s for the cue phase. The animal was given the same tone as training for
the last 60s of the trial. No foot shock was administered to the animals. After all the animals
completed the cue phase, they were placed in the box for 300s for the context phase. The context
phase was identical to the acquisition phase, as there was no sound or shock administered to the
animals. The box was cleaned with 70% ethanol between animals on each day for each phase of
the test. FreezeFrame software calculated the amount of freezing behavior each animal exhibited
in each trial.
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2.11 Statistical Analysis
For Novel object recognition, MWM probe trial, RMWM probe trial, and Fear
Conditioning, the data was analyzed using one-way ANOVA with a Tukey post-hoc correction
test. For Motor function, MWM, and RMWM, a split-plot two-way ANOVA (Treatment x Day)
was used comparing effect of group and treatment with Tukey post-hoc correction. All error bars
are expressed as ± 1 SEM. Significant level was set at p<.05.
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Chapter 3: Results
This study focused on determining the role of Notch pathway manipulation on functional
recovery following TBI. TBI induces different degree of functional deficits involving
sensorimotor and cognitive functions. Behavior testing method assessing these functions are
essential for quantifying the effects of injury and treatment. In this study, we assessed three
functions including motor, olfactory and cognitive functions in two post-injury time groups
depending on animal survival time (30 days and 60 days). The results section is divided into
subsections according to the type of assessment and each assessment will compare the 30 and
60-day animals’ performance. The number of animals included in each assessment is outlined in
the beginning of each subsection. All error bars are represented as ± SEM.
Due to multiple injured and sham groups, animal groups are given the identification
numbers indicated as follows: 1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 =
FPI+Jagged-1 Fc; 5 = FPI+Notch1. For example, *1,3 indicates a difference between the Sham
and the FPI + Vehicle group at p<.05. This identification appears in the description of each
figure in the results section.
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3.1 Assessment of injury severity
To ensure that there was no bias in assigning injured animals into different injury group,
we compared the injury severity with the recorded atm level (Fig. 3.1) and righting time (Fig.
3.2). Fig. 3.1A represented the average atm level among 30-day injured groups, whereas Fig.
3.1B is the average atm level of 60-day injury groups. As shown in the graph, there is no
difference in the injury severity at the atm level among injury groups in both 30-day and 60-day
animals. Fig. 3.2 represented the righting time at 30-day (Fig. 3.2A) and 60-day (Fig.3.2B)
injured groups. The injured animals took 10-15 min to right and no difference was found
between groups in both time points.

41

A
.

B
.

42

Figure 3.1 Animal Injury Level. The average injury level of each group.
A. Average injury level for 30-day group. B. Average injury level for 60-day group. No
significant differences were observed in either group.
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Figure 3.2 Animal Righting Time. Post-injury righting time for 30 and 60-day groups.
A. Average righting time for 30-day group. B. Average righting time for 60-day group. No
difference was found between injured groups in both 30-day and 60-day groups.
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3.2 Assessment of Motor Function
This subsection summarizes the results of the motor function tests for both the 30- and
60-day groups. Motor function assessment includes beam-walk (BW), rotarod (RR) and
neurological severity score (NSS). These three assessments were conducted on PID -1
(Baseline), 1, 2, 3, 7, and 14. These time points were chosen based on previous studies in our lab
that showed the time course of motor functional recovery between PID 7 and PID 14 (Reid et al
2010).
At the beginning of this study, the animals in the 30-day group were not properly trained
for the baseline level of beam-walking and rotarod tests which may have confounded the data, as
the animals may have been learning the task even after injury. For 60-day group, this issue was
corrected. The motor testing served a dual purpose for the 60-day study. First, it provided valid
motor function data that was missing from the 30-day study. Secondly, and equally significantly,
motor testing provided the animals with the opportunity to be handled. During this study, we
learned that without regular handling, animals often failed to collaborate during behavior testing,
particularly cognitive function assessments. For this reason, we excluded animals in 60-day
group that did not go through motor functional tests from the study. This was the reason that
motor testing was added back into the testing paradigm with additional animals, some tests, such
as rotarod and reverse Morris water maze, have lower animal numbers.
In beam-walk, the 30-day animals demonstrated no differences between sham and injured
groups (Fig 3.3A), likely due to the improper pre-injury training. In the 60-day animals, there
was a statistically significant difference of treatment (F(4,34) = 7.096, p <.01), as well as a
significant effect of time (F(5,170)=32.95), p<.01). There was also a significant interaction of
treatment x time (F(20,170) = 3.49, p<.01)). (Fig 3.3B). There were significant differences
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between both Sham and all injured groups and Sham+Jagged-1 and all injured groups (Fig. 3.3B;
p<0.05). There continued to be differences between sham and FPI+Jagged-1 Fc until PID 7
(p<0.05). By PID 14, all animals were able to complete the beam-walk in a time similar to
baseline.
In the rotarod assessment, the 30-day animals showed no differences between sham and
injured groups (Fig 3.4A), also likely due to improper pre-injury training. In the 60-day group,
the animals were properly trained prior to injury. In the 60-day study, the rotarod animals were
divided into two groups because the speed of the rotarod was not fast enough to detect
differences in a moderate injury. As seen in Figure 3.4B, there was no difference between sham
and injured animals’ performance at a speed of 15rpm. The injury may not be severe enough to
determine differences between sham and injured groups at 15rpm. As a result, the speed was
increased to 30rpm for the remaining 60-day animals (Fig 3.4C). The animal number for the
30rpm speed is lower (Table 3.2). There was a significant effect of time (F(5,80) = 8.84, p<.01),
but not a significant effect of treatment (p>.05) or treatment x time (p>.05). Although there were
no significant differences, there was a clear separation between injured groups and sham
animals’ performance during PID 1-3 (Fig. 3.4C).
The neurological severity score is an additional measure to assess injury severity. The
scoring system for NSS was slightly modified from a scale of 1-4 to a scale of 1-3 because it was
not sensitive enough to detect differences following a moderate injury level. In the 30-day
animals, the scoring is out of a possible 28 points. In the 60-day study, the scale was changed to
be out of a possible 22 points. During the 30-day assessment, no significant differences were
noted between sham and injured groups (Fig. 3.5A), attributable to a lack of practice by the
blinded experimenter. During the 60-day assessment, the same blinded experimenter scored all
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the animals. There was a statistically significant effect of treatment (F(4,35) = 6.24, p <.01), as
well as a significant effect of time (F(5,170) = 23.68), p<.01). There was a significant interaction
of treatment x time (F(20,170) = 2.463, p<.05)). Significant differences were found between
sham and all injured groups and Sham+Jagged-1 Fc and all injured groups on PID 1 and 2
(Figure 3.5B, p <.05). By PID 7, the animals began to return to their baseline score. By PID 14,
all observable deficits resolved.
Both beam-walk and neurological severity score indicate a resolution of motor deficits by
PID 14. Rotarod assessment in the 30rpm group seemed to tell a different story. All injured
groups showed improvement on rotarod at PID 7. However, by PID 14 their performance
became worse, particularly between injured and sham groups. It seemed that all injured animals
were learning to fall off the rotarod by PID 14. It is unclear whether the falling is due to
persistent motor deficits following injury or their ability to learn that falling terminates the test.
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Table 3.1 Total number of animals that underwent beam-walk assessment

Tested on
Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

30 Day
60 Day
PID 1, 2, 3, 7, 14
6
8
N/A
8
5
8
6
8
8
8

Table 3.2 Total number of animals that underwent rotarod assessment
30 Day
Tested on
Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

6
N/A
5
6
8

60 Day
PID 1, 2, 3, 7, 14
6
6
2
4
0

60 Day*
2
2
5
4
8
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A
.

*This portion of 60-day animals were tested at 30rpm (see Methods-Rotarod)

1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

B
.

**1,3
**1,4
*2,4

*1,4
*1,4
*2,4

*1,4
*2,4
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Figure 3.3 Beam-walk assessment. A. 30-day beam-walk assessment. No statistically
significant differences between sham and injured groups on any days. B. 60-day beam-walk
assessment. No significant differences among groups at baseline. Statistically significant
differences between all sham and injured groups on PID 1 (p<.05 between Sham and
FPI+Vehicle and FPI+Jagged-1 Fc; p<.01 between Sham+Jagged-1 Fc and FPI+Jagged-1 Fc).
Significant differences between Sham and FPI+Jagged-2 Fc on PID 2, 3, 7. All animals return to
baseline performance by PID 14. *indicates significance at p<.05. **indicates significance at
p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

B
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C

Figure 3.4 Rotarod
A. 30-day group rotarod assessment. No significant differences among groups on any day.
B. 60-day rotarod group rotarod assessment. No significant differences among groups at
baseline. These animals were properly trained and tested at 15rpm but showed no statistically
significant differences between sham and injured groups
C. 60-day rotarod group rotarod assessment. No significant differences among groups at
baseline. These animals were properly trained and tested at 30rpm but did not show statistically
significant differences between sham and all injured groups.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

B

**1,3
**1,4
*1,5
*2,3
*2,4

**1,3
**1,4
*1,5
*2,3
*2,4

**1,5
*2,5
*3,5

*1,4
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Figure 3.5 Neurological Severity Score
A. 30-day group NSS. Highest possible score is 28. No statistically significant differences
between sham and injured groups.
B. 60-day group NSS. Highest possible score is 22. Statistically significant differences between
sham and all injured groups on PID 1 and 2 (p<.05). Significant difference between sham and
FPI+Notch1 and FPI+Vehicle and FPI+Notch1 on PID 3 (p<.05). Significant difference between
sham and FPI+Jagged-1 Fc on Day 7 (p<.05). All animals return to baseline NSS by day 14.
*indicates significance at p<.05. **indicates significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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3.3 Assessment of Olfactory Function
This subsection summarizes the results of the olfactory function assessment for both the
30 and 60-day groups. This section includes two forms of assessment: olfactory discrimination
(OD) and olfactory sensitivity (OS).
In the olfactory discrimination test, as shown in Figure 3.6A, the 30-day assessment
yielded no significant differences between sham and injured animals’ ability to discriminate
between the scents. All animals initially explored the novel scent, cinnamon, in Trial 1. They
spent less time with the cinnamon in the second through fourth exposure. When they smelled
hazelnut, all animal groups increased the time spent with the scent. A similar trend is found in
the 60-day assessment. There was a significant effect of trial (F(4,140) = 39.10, p<.01), but not a
significant effect of treatment (p>.05) or treatment x trial (p>.05). This is further indication that
all animals are equally able to discriminate between the scents in the first and fifth trial (Figure
3.6B).
Olfactory sensitivity assessment did not yield group difference in the 30-day (Fig 3.7A)
or 60-day assessment (Fig 3.8B). It should be noted that the scents used in olfactory sensitivity
were changed from the 30-day to the 60-day group. In the 30-day group, the scent was varying
concentrations of cinnamon. In the 60-day group, the scent was varying concentrations of
hazelnut. The change in scent was made to determine if the lack of differences between trials
was due to a lack of interest in the scent or a fundamental flaw in the method of assessment.
Based on these results, olfactory sensitivity may be a flawed test and needs to be piloted further
to motivate the animals’ participation.
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Table 3.3 Animal numbers for the 30 and 60-day study on olfactory discrimination and
olfactory sensitivity

Tested on
Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

30 Day OD
PID 27
6
N/A
5
6
8

60 Day OD
PID 49
8
8
8
8
8

30 Day OS
PID 28

60 Day OS
PID 52

6
N/A
5
6
8

8
8
8
8
8
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A

B

Figure 3.6 Olfactory Discrimination

Figure 3.6 Olfactory Discrimination
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Figure 3.6 Olfactory Discrimination
A. 30-day group olfactory discrimination. No statistically significant differences between groups.
B. 60-day group olfactory discrimination. No statistically significant differences between groups.
The 60-day group does show differences between Trials 3-4 and Trial 5, indicative of
discrimination regardless of treatment group
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

B

60

Figure 3.7 Olfactory Sensitivity
A. 30-day group olfactory sensitivity. No statistically significant differences between groups
B. 60-day group olfactory sensitivity. No statistically significant differences between groups.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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3.4 Assessment of Cognitive Function
This subsection summarizes the results of the cognitive function assessment for both the
30 and 60-day groups. This section includes four forms of assessment: novel object recognition
(NOR), Morris water maze (Standard and Reverse), and fear conditioning (FC).
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3.4.1 Novel Object Recognition
The NOR paradigm was used to assess the effects of hippocampal damage on working
memory. The ratio of time spent exploring the novel object against total exploration time of both
novel and familiar object is used to calculate the discrimination index (DI). The 30-day study
observed no differences between sham and injured animals in discrimination indices (Fig 3.8A).
This lack of differences was likely due to fundamental flaws in the test. A majority of the objects
used in the 30-day assessment violated the conditions of the test – they were too short, allowing
the animals to sit on them or they had holes/protrusions that the animals could bite and put their
heads inside, falsely inflating their exploration time.
In the 60-day study, the objects were winnowed down to meet the criteria of the test.
There was a statistically significant difference between groups as demonstrated by a one-way
ANOVA (F(4,35) = 6.454, p < .05). Tukey post-hoc showed significant differences in
discrimination indices between the Sham and injured groups and the Sham+Jagged-1 Fc and all
injured groups (Fig. 3.8B, p<.05). The Sham+Jagged-1 Fc and FPI+Jagged-1 difference trended
towards significant (p=.08). This is indicative of damage to working memory, either directly in
the hippocampus or one of its inputs, due to TBI.

Table 3.4 Animal numbers for the 30 and 60-day study on novel object recognition

Tested on
Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

30 Day
PID 16-17
6
N/A
5
6
8

60 Day
PID 45-46
8
8
8
8
8
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A

1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle

B

4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

*1,3
*2,3

*1,4
2,4 (p=.086)

**1,5
*2,5
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Figure 3.8 Novel Object Recognition Discrimination Index
A. 30-day rats show no significant differences between sham and any of the FPI groups
B. 60-day rats show significant differences between sham and injured groups, but no differences
between injured groups (p<.05). *indicates significance at p<.05. **indicates significance at
p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.

65

3.4.2 Morris Water Maze
Morris water maze (MWM) is considered a robust test of working memory and spatial
memory. Our lab has had consistent results showing injury associated deficits in this test in our
TBI models (Sun et al, 2007; Sun et al, 2015). A modification of the standard MWM test is the
reverse MWM, in which the platform is moved to the diagonally opposite quadrant for the
duration of the training days.
During MWM, the computer-aided tracking system prematurely ends the trials in 15-20%
of cases if the animal accidently touched the platform during their searching process rather than
truly found the platform. Due to this quirk in the software, for accuracy, the blinded tester hand
timed the goal latency for each trial with a stopwatch and any premature terminations to the trials
were recorded. However, the conclusions about the swim speed and proximity values may not
be accurate since the software recorded these data automatically. As there is no platform during
probe trial, the proximity values can be considered an accurate representation of the data.
In the standard MWM test, in the 30-day study group, there was a significant difference
in swim speed between sham and FPI+Jagged1-Fc on Day 21, the second day of training (Fig
3.9A, p<.05). In the 60-day groups, there was a significant difference between the sham and all
injured groups on Day 56 (Fig 3.9B, p<.05). There was also a difference between sham and both
FPI+Jagged1-Fc and FPI+Notch1 on Day 57 (Fig 3.9B, p<.05). Any differences in swim speed
resolved by the final training day. Differences in swim speed can affect the time it takes an
animal to reach the platform. As such, significance in latency to platform is only noted on the
final training day when swim speed differences are resolved. As mentioned above, the
interpretation of swim speed data needs to be interpreted cautiously.
The latency to platform value represents the time it takes an animal to reach the platform.
All groups learned to find the hidden platform with time with decreasing latency through the
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training days. There was no significant difference between sham and injured groups on the
latency to platform during the standard MWM in 30-day groups (Fig 3.10A). In the 60 day, there
was a statistically significant effect of treatment ((F(4,33) = 5.31, p<.01), as well as a significant
effect of time (F(3,99)=50.8, p<.01) but not a significant interaction of treatment x time (p>.05).
There was a significant difference between Sham animals and FPI+Jagged-1 Fc and Sham and
FPI+Notch1 (Fig. 3.10B, p<.05). A similar trend applied to the Sham+Jagged-1 Fc (p<.05). The
goal latency between Sham and FPI+Vehicle group was not significantly different (p=.076).
Both groups exhibited similar trends of decreased latency to the platform over the course of the
training days. Even by the final training day, the injured groups took significantly more time to
reach the platform (p<.05).
Proximity to the platform is another useful parameter that represents the average distance
of the animal from the platform in each trial. The computer measures distance from the platform
every second the animal is in the water. In the 30-day group, there were no significant
differences between sham and injured proximity values (Fig 3.11A). There was a statistically
significant effect of treatment ((F(4,33) = 6.08, p<.01), as well as time (F(3,99) =31.1, p<.01) but
not a significant interaction of treatment x time (p>.05).The 60-day group showed significant
differences in proximity to the platform between all injured groups and all sham groups on the
final training day (Fig 3.11B, p<.05). The difference between Sham and FPI+Notch1 trended
toward significant (p=.06). Both the swim speed and proximity values follow similar trends of
decreasing over the course of training, but there were still differences in both values between
sham and injured animals by the final training day.
The probe trial was conducted after a 24-hr delay following a four-day training and
removal of the platform from the water. This is a snapshot measurement of the animals’ ability to
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learn the location of the platform. In 30-day groups, there was no significant difference between
sham and all injured groups in time spent at the target quadrant (Fig 3.12A, p<.05). In the 60 day
group, there was a statistically significant difference between groups as demonstrated by a oneway ANOVA (F(4,34) = 6.970, p <.01). Latency in Q4 indicated the FPI+Notch1 and
FPI+Jagged-1 Fc groups spent significantly less time in the target quadrant than either of the
sham groups Fig 3.12B, p<.01). Although the FPI+Vehicle group spent less time in the target
quadrant than the sham groups, the difference was not statistically significant. The
Sham+Jagged-1 Fc and FPI+Jagged-1 Fc groups also showed a significant different in time spent
in the target quadrant (p<.05), whereas the difference between Sham+Jagged-1 Fc and
FPI+Notch1 was not significant (p=.06).
There were no significant differences between sham and injured groups in their proximity
to the platform during probe trial in the 30 day group (Fig. 3.13A). In the 60 day group, there
was a statistically significant difference between groups in probe trial proximity to the platform
(F(4,34) = 3.723, p <.05). The FPI+Jagged-1 Fc animals had a significantly higher proximity
value compared to sham groups, indicating it spent, on average, a greater distance from the
platform area for the duration of the probe trial (Fig. 3.13B). Although the FPI+Vehicle and
FPI+Notch1 groups had higher proximity values than sham groups, the difference was not
statistically significant.
In order to further examine the role Notch manipulation on functional recovery, reverse
MWM (RMWM) was performed on a portion of the 60-day animals (Table 3.6). The same
parameters were measured on this test, but the platform location was moved from quadrant 4
(SE) to quadrant 2 (NW). The animal numbers for RMWM were significantly lower than the
standard MWM (Table 3.6). As there was no significant difference between Sham and
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Sham+Jagged-1 Fc groups on any tests, the two groups were combined to increase the animal
number on RMWM.
There were no significant differences in swim speed between groups on any day in
RMWM (Fig. 3.14). The latency to platform for the entire training days were much lower than in
the standard MWM, i.e., animals took longer time to learn the task, indicating the difficulty of
the task. There were not significant differences between injured and sham groups on RMMW
latency to the platform (Fig 3.15). Regarding proximity to the platform, there was a statistically
significant effect of treatment ((F(3,16) = 7.46, p<.01), as well as a significant effect of time
(F(3,48) = 18.39, p<.01) but not a significant interaction of treatment x time (p>.05). Post hoc
analysis indicated a significant difference between sham and FPI+Vehicle and sham and
FPI+Jagged-1 Fc groups’ proximity to the platform on the final training day of MWM. The
difference between sham and FPI+Notch1 groups proximity trended towards significant
(p=.053). As with standard MWM, the latency and proximity to the platform decreased over the
course of training. Time spent in quadrant 4 (SE), the quadrant where the platform was located in
standard MWM, was also assessed for the training days (Fig. 3.17). Although no significant
differences were observed, the time spent in Q4 decreased dramatically between the first and
second training day, indicating the animals learnt the disappearance of the platform thus
spending less time exploring the standard MWM quadrant.
As with the standard water maze, a probe trial was conducted for RMWM. All injured
groups spent less time in the target quadrant compared to sham animals, indicative of a lack of
remembering the exact position of the hidden platform, although this difference was not
statistically significant (Fig. 3.18). All four groups did not spend much time in Q4 in comparison
to Q2 during the probe trial. There was a significant difference between Sham and FPI+Jagged-1
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Fc in proximity to the platform, as the FPI+Jagged-1 Fc animals spent more time further away
from the platform (Fig. 3.19, p<.05). The high proximity value for the FPI+Jagged-1 Fc group in
both training and probe trial might suggest a difference in search strategy compared to the other
groups.
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Table 3.5 Animal numbers for the 30-and 60-day study on Morris water maze

Tested on
Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

30 Day
PID 20-24
6
N/A
5
6
8

60 Day
PID 55-59
8
7
8
8
8

Table 3.6 Animal numbers for the 30 and 60-day study on reverse Morris water maze

30 Day
N/A
N/A

60 Day*
PID 61-65
2

Tested on
Sham
Sham+Jagged-1
Fc
N/A
2
FPI+Vehicle
N/A
5
FPI+Jagged-1 Fc
N/A
4
FPI+Notch1
N/A
8
* Sham and Sham+Jagged-1 Fc combined for
analysis
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A
*1,4

1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

B

*1,4
*1,5
*1,3
*1,4
*1,5
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Figure 3.9 MWM Swim Speed
A. 30-day swim speed. Significant difference between Sham and FPI+Jagged-1 Fc swim speed
on PID 21.
B. 60-day swim speed. Significant differences between sham and injured swim speeds on Day 56
and Day 57.
Note: Although there are significant differences in the 30-day and 60-day animal groups, 15-20%
of the trials were prematurely ended by the computer. Therefore, the significant differences may
not be a completely accurate reflection of the data. *indicates significance at p<.05. **indicates
significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

B

*1,4
*1,5
*2,4
*2,5
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Figure 3.10 MWM Latency to Platform
A. 30-day latency to platform shows no significant differences on any days. All groups show
some capacity for learning as latency to platform decreases over the course of the training days.
B. 60-day latency to platform shows significant differences between sham groups and
FPI+Jagged-1 Fc and FPI+Notch1. All groups show some capacity for learning as latency to
platform decreases over the course of the training days.
Note: Although the computer prematurely ended trials, all the latency values were
simultaneously timed with a stopwatch to obtain accurate latency values
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

B

*1,3
*1,4
*2,3
*2,4
*2,5
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Figure 3.11 MWM Proximity to Platform
A. 30-day animals show no significant differences among proximity to platform values. All
groups are trending downwards over the course of training days, with shams being the most
proximate to the platform.
B. 60-day animals showed significant differences among proximity to platform values on final
day of training. Significant differences between sham groups and all injured groups (p<.05).
Difference between Sham and FPI+Notch1 group trended toward significant (p=.06).
Note: Although both the 30-day and 60-day groups are trending downwards, 15-20% of the
proximity values were removed from the data because the computer prematurely terminated the
trial, losing any remaining data points for the duration of the trial. Therefore, the significant
differences may not be a completely accurate reflection of the data. *indicates significance at
p<.05. **indicates significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

1= Sham
2= Sham+Jagged-1 Fc

B

3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc

(%)

5 = FPI+Notch1

**1,4
**2,4

1, 5 p = .06
**2,5
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Figure 3.12 MWM Probe Trial: Time Spent in Target Quadrant
A. No significant differences between sham and injured groups in the 30-day study, although
sham animals spent a greater proportion of time in the target quadrant.
B. Statistically significant differences between sham and FPI+Jagged-1 Fc and sham and
FPI+Notch1 groups. Both groups spent significantly less time in the target quadrant compared to
sham groups. *indicates significance at p<.05. **indicates significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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A

1= Sham
2= Sham+Jagged-1 Fc

B

3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc

*1,4
*2,4

5 = FPI+Notch1
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Figure 3.13 MWM Probe Trial: Proximity to Platform
A. 30-day sham animals’ proximity to the platform location did not differ significantly from the
injured groups, but the sham group had a lower proximity value than injured animals
B. 60-day sham animals differ from FPI+Jagged-1 Fc proximity values. No differences between
sham and other injured groups, nor is there a difference between injured groups.
As there is no platform to trigger, the computer did not prematurely end the probe trials.
Therefore, the proximity values can be considered accurate for the probe trial. *indicates
significance at p<.05. **indicates significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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1= Sham
2= Sham+Jagged-1 Fc
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

Figure 3.14 RMWM Swim Speed. No significant differences between groups. LSD post-hoc
correction was conducted due to the low animal number.
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1= Sham
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

Figure 3.15 RMWM Latency to Platform. No significant differences between sham and
injured groups’ performance in latency to the platform. Although there are no significant
differences, sham animals were quicker to learn the new location of the platform on the first two
days of training.
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**1,3
**1,4
1,5 (p=.053)
1= Sham
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

Figure 3.16 RMWM Proximity to Platform. Significant differences between sham and all
injured groups on final training day (p<.01). All four groups are trending downwards in the
proximity values. *indicates significance at p<.05. **indicates significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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1= Sham
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

Figure 3.17 RMWM Time in SMWM Quadrant. Analysis of animals’ time spent in quadrant
4 where the platform was formerly located during standard MWM. Although there is no
significant difference between sham and injured groups, the animals spent less time in the former
quadrant over the course of the training days. LSD post-hoc correction was conducted due to the
low animal number.
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1= Sham
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

Figure 3.18 RMWM Probe Trial: Time in Quadrant. There were no significant differences
between sham and injured groups on time spent in Q2, although the sham group spent more time
in the target quadrant than the injured groups. Similarly, there were no significant differences in
how much time the sham groups spent in Q4.
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**1,4

1= Sham
3 = FPI+Vehicle
4 = FPI+Jagged-1 Fc
5 = FPI+Notch1

Figure 3.19 RMWM Probe Trial: Proximity to Platform. FPI+Jagged-1 Fc animals were
significantly less proximate to the platform compared to sham and FPI+Notch1 animals. All
animals were similarly distant from the Q4, the quadrant where the platform was located during
standard MWM. *indicates significance at p<.05. **indicates significance at p<.01.
1= Sham; 2= Sham+Jagged-1 Fc; 3 = FPI+Vehicle; 4 = FPI+Jagged-1 Fc; 5 = FPI+Notch1.
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3.4.3 Fear Conditioning
Fear conditioning is yet another way to assess the effects of TBI on memory. Although
cued fear conditioning is amygdala based, contextual fear conditioning has a hippocampal
component. The fear conditioning portion of this test is not expected to yield any significant
differences between groups because the protocol being used was erroneous. Cued fear
conditioning was conducted before contextual fear conditioning. Due to the low animal number
when this error was discovered, the decision was made to test the remaining animals on reverse
Morris water maze (RMWM). The FPI+Notch1 group was not included in the FC animals
because the antibody was unavailable. By the time the FPI+Notch animals were ready, FC was
replaced with RMWM.
Since the protocol was incorrect, there are no significant differences on cued fear
conditioning for either the 30-day (Fig. 3.20A) or 60-day groups (3.20B). The same trend is
observed in contextual fear conditioning in the 30-day (Fig. 3.21A) and 60-day groups (Fig.
3.21B).

Table 3.7 Animal numbers for the 30 and 60-day study on Fear Conditioning

Tested on
Sham
Sham+Jagged-1 Fc
FPI+Vehicle
FPI+Jagged-1 Fc
FPI+Notch1

30 Day
PID 29-30
6
N/A
5
6
8

60 Day
PID 62-63
5
6
0
4
0
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A

B
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Figure 3.20 Cued Fear Conditioning
No significant differences between sham and injured animals in 30-day (A) or 60-day (B).

90

A

B
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Figure 3.21 Contextual Fear Conditioning
No significant differences between sham and injured animals in 30-day (A) or 60-day (B) study
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Chapter 4: Discussion
Following TBI, there is an endogenous proliferative response, with increased
proliferation of neural stem cells in the neurogenic regions (Chirumamilla et al 2002, Sun et al
2005, Wang et al 2016), and this endogenous reparative response is associated to the innate
cognitive recovery following TBI (Sun et al., 2007, 2015). However, the mechanisms that
regulate injury-enhanced neurogenic response are unclear. It is known that Notch signaling plays
a role in the proliferation and differentiation of neural stem cells in both embryonic development
and adulthood. We speculate that Notch signaling is the major factor in regulating regenerative
neural stem cells response following TBI. Previous studies from our lab have found that Notch
pathway manipulation with pharmacological agent can change injury-induced neural stem cell
proliferative response. This thesis aims to explore the effects of Notch pathway manipulation on
functional recovery after a moderate TBI.

Summary of Results
Assessing behavior following a TBI is a robust way to determine any changes in motor,
cognitive, and olfactory behaviors. Behavior assessment is a reproducible, robust method to see
how changes at a molecular level have a global effect. This study compared the functional
deficits of animals at the acute and chronic phase following Notch pathway manipulation to
determine the effects of manipulation on different modalities. Our previous study has found that
TBI-enhanced neural stem cell response was only observed within 7 days following injury (Sun
et al., 2005). The objective of our Notch pathway manipulation was to target the injury-induced
neural stem cell response. Thus, our Notch pathway manipulation was focal and transient by 7day intraventricular infusion of Notch agonist or antagonist. Following the treatment, we
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assessed motor, olfactory and cognitive functions in animals at 30-day and 60-day post injury
period with different cohorts of animals.
In the 30-day cohort study, we failed to find any significant injury-related deficits due to
human errors, including testing protocol errors and inconsistent animal handling by
inexperienced individuals. Hence, the majority of the results and discussion are focused on the
60-day study. In the 60-day cohorts, we found injury-associated motor and cognitive deficits, and
the spontaneously recovery during the course of recovery phase. We also found that injured
animals with Notch inhibition failed to show spontaneous cognitive functional recovery in
Morris Water Maze tests. Combined with our previous study showing that Notch inhibition
abolishes injury-induced neural stem cell proliferation in the hippocampus, our data preliminarily
indicates that Notch signaling is important in regulating post-TBI neurogenesis and cognitive
recovery.

Motor Function
Although the 30-day assessment did not yield any statistically significant differences
between sham and injured groups, the 60-day animals were tested at the same time points in an
effort to gather that data. The beam-walk and neurological severity score indicated that injured
animals performed significantly worse than sham animals on PID 1-3 but trended towards
normal by PID 7. This is consistent with results our lab and others have previously observed on
these tests (Hallam et al, 2004; Reid et al, 2010). Rotarod indicated that the animals were
returning to pre-injury levels by PID 7 but performed worse on PID 14. Published studies have
suggested that rotarod is a robust method to test motor deficits, and the deficits can last for a long
period following certain forms of CCI injury, but deficits following FPI usually resolve within 7
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days (Erturk et al 2016; Hamm et al, 1994). Our data showing injured animals’ worse rotarod
performance is consistent with these published data. However, while observing the animals on
rotarod, it seemed that all the injured groups would let go of the rotarod as soon as they turned
upside down, indicating they may have learned to fall to escape the test. Rather than two trials
per day, conducting one trial per day may mitigate this behavior in future studies.
In the motor function test, we failed to find differences within injured animals, suggesting
that Notch manipulation did not affect the motor function. This is understandable as the target of
Notch signaling is the neural stem cells in the neurogenic niches, and the destinies of the neural
stem cell generated neurons are olfactory bulb and the granular zone of the hippocampus. There
is no evidence that manipulation of neural stem cells affects motor functions.

Olfactory Function
Neither the 30-day nor 60-day results indicating any significant differences in olfactory
ability between injured and sham groups. This is true both for olfactory discrimination and
olfactory sensitivity, though olfactory discrimination did show that all animals were capable of
distinguishing between the old and new scents. These results failed to reach our expected data
that TBI would damage olfactory function, and Notch inhibition would further exacerbate TBIinduced deficits. Published studies have reported that adult generated neurons in the olfactory
bulb are involved in olfactory function. There are a few possible explanations for our results.
One study found that ablation of neurogenesis does not affect odor-memory related tasks because
the testing method may not be sensitive enough to detect subtle changes (Imayoshi et al, 2008).
Unlike Morris water maze, in which the animals are motivated to escape the pool, olfactory
assessment in this form does not offer the animals any motivation to complete the task. A
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different method of assessment, such as an aversive task or a digging task is an alternative way to
assess deficits (Siopi et al, 2011). It is also possible that there are no deficits in their sense of
smell because the olfactory bulb was not directly injured. This could be confirmed with
immunostaining for BrdU, NeuN, GFAP, neural cell adhesion molecule (NCAM), all markers
for mature neurons (Imayoshi et al, 2008; Ables et al, 2010). If the number of mature olfactory
neurons does not differ between sham and injured animals, TBI may not affect this process. Thus
far, there are few studies concerning olfactory function following TBI in rodents and the testing
methods for olfactory function were mostly established in mice with mixed results. Further
studies and method development are needed for olfactory assessment.

Cognitive Function
We used NOR and MWM to test the cognitive function. Although the 30-day animals
showed no significant differences between injured and sham animals, in the 60-day group, novel
object recognition showed significant differences between sham and injured groups six weeks
after injury. There is conflicting evidence whether novel object recognition is hippocampal
based, or if it is more dependent on the perirhinal cortex (Brown et al, 2001; Cohen et al, 2015;
Ennaceur et al, 1988; Hammond et al, 2004). In either case, some impairment exists, possibly in
the crosstalk between the two structures, that induced injured animals to perform significantly
worse on this task than sham animals.
The Morris water maze task is the most robust test in the battery. All animals were able to
learn the task over the course of the training days, but sham animals performed better than all
injured groups in latency to reach the platform. The FPI+Notch and FPI+Jagged-1 Fc differed
significantly from the sham animals, but the FPI+Vehicle showed improvement in performance
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with no significant difference to sham by the final training day. The result of improved
performance in TBI+Vehicle animals is in agreement to our previous results obtained in our lab,
which saw spontaneous functional recovery in TBI-only animals by 60 days post-injury, and the
injury-induced neurogenesis is believed to contribute to this innate recovery (Sun et al 2007;
Sun et al 2015).
Compared to our previous data, it seemed that our current TBI+Vehicle group did not
perform as well as the injured animals in those studies (Sun et al, 2007, 2015). This could be due
to the slightly difference of the two studies. In the previous studies, the animals were trained for
5 days on water maze rather than 4 days as this study. Since both groups were trained longer, it is
possible that the TBI+Vehicle group could improve to match sham performance. In addition, the
injured groups did not have any pumps implantation after injury. The additional injury induced
by this procedure could affect the outcome. In this study, the current data showed that sham
animals did not differ significantly from the FPI+Vehicle group on standard MWM probe trial in
the 60-day group in this study, suggesting functional recovery in the FPI+Vehicle group, but not
in the FPI+Jagged-1 Fc group. The FPI+Notch1 group trended toward significance against the
Sham+Jagged-1 Fc group, (p=.06) but was significant against the Sham group (p<.01).
Reverse Morris water maze showed all animal groups performed similarly over the
course of the training days, but the injured groups still took longer to find the platform compared
to sham animals. Although all three injured groups were significantly further from the platform
than sham animals, many values were removed from the data set due to premature terminations
of the trial, mitigating the accuracy of the proximity data. However, during probe trial, all three
injured groups spent less time in the target quadrant than sham animals, the FPI+Jagged-1 Fc
spending the least time in the target quadrant. The FPI+Jagged-1 Fc group had the highest
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proximity value during probe trial, swimming significantly further away from the platform than
sham animals. Preliminary data indicated worse learning and memory function following Notch
inhibition. Due to the small sample size, the interpretation of this significance in this group
should be interpreted cautiously. Further study with more animals is needed to draw a more
definitive conclusion from this data.
Fear conditioning, as mentioned in the results, was not expected to yield significant
differences between injured and sham groups due to a protocol error. As such, no theoretical
conclusions can be drawn from the data.
The importance of Notch pathway in regulating post-TBI neurogenesis and cognitive
function following neurological insults is less known. There are few published studies, each
employing a different model and treatment strategy. In an ischemic injury model, using a similar
strategy to ours, Wang et al. (2009) have reported that Notch pathway activation plays a role in
cell proliferation following ischemia, characterized by increased levels of NICD and Hes1 4 and
24 hours after injury. Contrarily, cell proliferation, NICD, and Hes1 were downregulated
following infusion of the Notch antagonist Jagged-1 Fc. Another ischemic injury model tested
Notch pathway activation using an infusion of Delta ligand to induce Notch signaling. They
observed similar increases in neural progenitors after ischemia, as well as improvements in
motor function when combined with FGF (Androutsellis-Theorokis et al, 2006). In TBI studies,
it has been reported that Notch pathway activation promotes angiogenic potential by increasing
the migration of endothelial progenitor cells after TBI. Angiogenic repair can improve recovery
after TBI. CD31, a marker that correlates with blood vessel formation, was upregulated in
Notch1 and Jagged1 overexpression. When scrambled siRNA was used to knock down Notch1
or Jagged1, CD31 expression diminished to levels akin to DAPT administration, a known Notch
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pathway inhibitor (Ran et al, 2015). Statins have also been shown to have neuroprotective effects
after TBI (Lu et al, 2007). Chronic simvastatin administration, which has been implicated in
activating Notch signaling, improved post-TBI modified NSS when compared to saline treated
animals. Increased NSC proliferation and survival of differentiated neurons may play a role in
neurological recovery. Gamma secretase, a Notch pathway inhibitor, negated the effects of
simvastatin, indicating Notch plays a role in cognitive recovery after TBI (Xie et al, 2014).
Notch +/- mice have also been used to study the effects of Notch on neurogenesis and
cognitive function. There were significant differences on time spent in the target quadrant during
the probe trial of MWM. After training on reverse MWM, Notch +/- mice were unable to
remember the new location of the platform during probe trial, while wild type mice performed
significantly better on this task (Costa et al, 2003). Adenovirus transfection to overexpress NICD
following LFPI observed upregulation of the Notch pathway accompanied by an improvement
MWM performance (Tu et al, 2017). Loss of presenilin, a component of gamma secretase, which
cleaves the NICD, resulted in decreased CREB binding protein levels, essential for neuronal
survival and synaptic plasticity (Saura et al, 2011). The same group observed impaired
performance on MWM probe trial and latency to platform, as well as a diminished freezing
response during contextual fear conditioning, yet another indicator of the link between Notch
signaling and hippocampal function (Saura, et al 2004). Electrophysiological recordings of
Notch antisense transgenic mice show that reduced Notch resulted in impaired long-term
potentiation. Treatment with an exogenous Notch ligand rectified the deficit in the CA1 region of
the hippocampus (Wang et al, 2004).
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Conclusion and Future Direction
In summary, our data does not fully support the hypothesis that Notch manipulation
affects the functional recovery. While there were no differences between the injured groups
themselves, there appeared to be a subtle effect of Notch antagonism on MWM. Our previous
study in Notch manipulation has shown that Notch pathway inhibition abolishes TBI-enhanced
neural stem cell proliferation and survival, whereas Notch activation has no significant effect.
The neurogenic effect of Notch inhibition suggests a role in impairment of cognitive ability
observed in our 60-day study group, although histological study is needed to assess the impact of
Notch manipulation on NSCs in the hippocampus.
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